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is71 ABSTRACT 
An apparatus and a method for determining the error 
due to inherent PM and AM noise in a noise measure- 
ment device. The apparatus is a calibration standard 
having a high frequency carrier source and a Gaussian 
noise source. The outputs of both sources are linearly 
combined by a power summer so that AM and PM nobe 
components are equal at the output terminals of the 
calibration standard. To carry out the process of call- 
brating the calibration standard then determining inher- 
ent noise in a noise measuring device under test, the 
calibration standard includes means for switching to  
output a signal indicative of either the noise floor or a 
high frequency signal linearly combined with the out- 
put of a Gaussian noise source. 
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CALIBRATION SYSTEXI FOR DETER3IISINC 
THE ACCURACY OF PHASE 3lODULATIO.V AND 

AhlPLITUDE MODULATIOS NOISE 
MEASUREMEST APPARATUS 

TECHNICAL FIELD 
This invention relates to systems for phase modula- 

tion and amplitude modulation noise measurement. 
More particularly, this invention relates to a calibration 
standard for determining the internal noise and the ac- 
curacy of PM and AM measurement equipment and 
devices. 

BACKGROUNDART 
The ability of communication. navigation and a wide 

variety of frequency and timing measurement equip- 
ment to perform properly is determined in part by their 
phase noise performance. A common aspect of their 
design, manufacture. calibration, and ultimate use is 
phase modulation (PM) noise introduced by such equip- 
ment. While other performance parameters are cer- 
tainly present and important. they are often relatively 
more simple to predict, calibrate and control than phase 
modulation noise performance. There are a variety of 
systems for measuring phase modulation noise, and 
these are discussed in the publications listed in the at- 
tached Appendix, incorporated herein by reference. 

Currently, the mosr accurate method of measuring 
phase modulation noise is a system that includes a preci- 
sion wide band phase modulator inserted in series with 
a signal whose PM noise is to be measured. The modula- 
tor is used to create phase modulation side bands about 
the carrier of the signal for determining the corrections 
to the measurement as a function of Fourier frequency 
offset from the carrier. The result is high accuracy and 
wide bandwidth of PM noise measurements. This sys- 
tem is disclosed in U.S. Pat. No. 4,968,908 (listed as No. 
10 in the attached Appendix. 
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The output waveform of PM noise is defined in the 
first publication listed in the Appendix The amplitude 
fluctuations are contained in the term c(t) and the phase 
or frequency fluctuations are contained in the term &(t) 
Variations in the b(t) value result in unequal spacing of 
the zero crossings of the waveform. while variations in 
the c(t) value result in variations of the height of the 
peaks Phase modulation noise is often defined by S d f ) .  
which is a spectral densit) of phase fluctuations The 
dentation of thiz term is found in the first four articles 
listed in the Appendix and can be expressed as 

45  

50 

Sm(D=8d2(0/BW units radians2Mz ( 1 )  

where 6b2(f) is the mean squared phase fluctuation 
measured at a frequency separation f from the carrier is 5 5  
a bandwidth BW. 

Similarly. the practical definition for the spectral 
density of amplitude modulation noise is: 

s ~ D = ~ v ~ ( ~ / ( o ’ , ~ ) B w )  units I/HZ (2) 60 

where SVo2(f) is the mean squared voltage fluctuation 
measured at a frequency separation f from the carrier in 
a bandwidth BW. 

new high performance wide band PM noise measure- 
ment systems. it does not provide a direct way to verify 
the performance of already existing PM noise measure- 

Although the subject system provides the basis for 65 

2 
ment systems. Nor does it address the accuracy of am- 
plitude modulation (AM) noise measurements. AM 
noise is very important in specifying the realized PM 
noise performance due to AM to PM conversion which 
is present in virtually all systems. The specification of 
PM (and recently AM) noise is required for most 
sources requiring high levels of precision. There is also 
a demand for noise measurement systems which can be 
traceable to their primary calibration laboratory. To 
achieve traceability, it seems necessary to have a PM 
noise calibration standard that is small, portable, rug- 
ged, and has high accuracy and repeatability. Such a 
standard should measure the noise floor of the system 
and the accuracy of measuring a known level of PM 
noise over wide bandwidths. 

Presently available noise sources have no carrier 
associated with them and so are not suitable for use as 
either AM or PM noise standards. The present way in 
which measurements are now verified is for several 
laboratories to measure the noise of a commercial oscil- 
lator. This is not very satisfactory because the PM and 
AM noise levels are generally a function of their envi- 
ronment (also running time) and therefore subject to 
change. This arrangement is cumbersome, expensive 
and time consuming. 

DISCLOSURE OF T H E  INVENTION 
Accordingly. it is an objective of the present inven- 

tion to determine the accuracy of existing PM and AM 
noise measurement devices within a tolerance of 20.3 
dB. 

A further objective of the invention is to provide a 
calibration standard for determining both PM and AM 
noise correction factors in noise measurement devices. 

Yet another objective is evaluation of time-domain 
measurement equipment. 

Still another objective is the development of a 
method of calibrating a noise standard to compensate 
for internal noise. 

An additional objective is the development of a 
method of determining the internal PM noise of a noise 
measurement device. 

Yet a further objective is the development of a 
method of determining the internal AM noise of a vari- 
ety of AM noise detector configurations. 

According to the present invention, a calibration 
standard for determining inherent phase modulation 
and amplitude modulation noise of an associated noise 
measurement device includes means for generating high 
frequency signals and means for generating precision 
broad band noise. The output of the calibration standard 
includes dual output terminals for connecting a differen- 
tial output to an associated noise measurement device. 
Power summer means combine one output of the power 
splitter means and one output of the noise generating 
means. Means for selectively switching are operatively 
connected between the noise generating means and the 
power summer means to selectively provide two noise 
levels to  the associated noise measurement device con- 
nected to the dual output terminals. 

In accordance with another aspect of the invention, 
the calibration standard includes means for generating 
high frequency signals, noise generating means and dual 
differential output terminals for connecting to an associ- 
ated noise measurement device. The power splitter 
means provides high frequency signals to both output 
terminals. A power splitter means. power summer 
means and means for switching are also included in the 
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tude. A s  a result, i t  is cheaper to use a power summer 
for a small number of frequencies. Further. the flatness 
of the noise spectrum is much better with a power sum- 
mer than with a phase modulator. A power summer is 
more accurate than a phase modulator but needs a dif- 
ferent modulation source for each carrier. (In this case, 
a separate filter and a broad band noise source.) The 
critical feature of the power summer as opposed to a 
phase modulator is that with the power summer both 
PM and AM noise of exactly equal amplitude are ob- 
tained. In contrast, with a phase modulator only PM 
noise is obtained. The resulting PM noise and AM noise 
at one of the output terminals and the equal spectral 
densities of both PM and A M  noise across the differen- 
tial output terminals of the calibration standard are 
critical to the operation of the calibration standard. 

The dual differential output terminals of the calibra- 
tion standard produces two signals with exceptionally 
low differential PM and AM noise between them. The 
level of S,(f) (as defined in equation 1 )  is constant from 
DC to approximate one-half of the bandwidth of the 
filter 17. The present invention also produces a spectral 
density of fractional A M  noise, S,(f) (as defined in equa- 
tion 2)  which is numerically equal to Sb(f) for the same 
range of analysis frequencies about the carrier gener- 
ated by high frequency generator 10 (publications 4-7 
listed in the Appendix describe the spectral density of 
fractional AM noise). These noise spectrums can be 
made extremely constant over a wide temperature 
range by stabilizing the level of the carrier generated by 
10 and the noise generated by 15 using well known 
techniques. 

The level of added noise from source 15 is such that: 

This ensures that the compression of the measured 
Sdf)  is smaller than 0.04 dB. The differential PM noise 
between the two signals are generally much smaller 
than the PM noise of the source. The ratio of the differ- 
ential PM noise to the source PM noise can approach 
- 100 dB at low Fourier frequencies. degrading the two 
approximatel!. -16 dB at f=yo/lO (where yo is the 
carner frequency). This condition improves the accu- 
racy of the PM standard, especially at low Founer 
frequencies or the PM noise of the source 10 becomes 
imporrant 

Since AM noises generally measured on a single 
channel, the differential technique applied to determin- 
ing is of no aid in extending the range in which the 
AM noise can be measured. The AM noise of the signal 
contains both the onginally AM noise of the source 
(after regulation by 11) and the calibrated AM noise. As 
a consequence, one might expect that the spectrum of 
S,(n at the output derives much faster than the PM 
noise as a Fourier frequency f approaches 0. However, 
most sources have much lower AM noise than PM 
noise close to the carrier. This condition helps alleviate 
the potential problem of diminished AM noise measure- 
ment range. 

Since there is no phase coherence between the signal 
and the noise. the resulting signal 34 has precisely equal 
A M  and PM noise within the limits defined by equation 
3. (This assumes negligible amplitude compression in 
the power summer 25.) These conditions can be ob- 
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6 
tained without extraordinary requirements of the com- 
ponents included in the calibration standard. 

Calibration of the calibration standard can be done 
with very high accuracy if it is used with an instrument 
that can make relative power measurements at frequen- 
cies near that of the carrier. T h i s  instrument is scanned 
to measure Vn2/HZ (power spectral density) at termi- 
nal 34 in the absence of the camer generated by gener- 
ating means 10 as a function of separation f from the 
frequency of the camer (having a value yo). Next, the 
power in the camer generated by generating means 10 
is measured in the absence of the noise generated by 
noise source IS. The band width of the receiver is then 
measured, and from these measurements, Sb(9 and SAf) 
can be calculated. It is important to note that only the 
relative power levels are required, not the absolute 
power level. Therefore, the measurement does not de- 
pend on the internal calibration of absolute power level 
in the instrument. The ability to measure the noise level 
and the camer level separately is critical since it allows 
the instrument to operate with the highest accuracy for 
each measurement. 

The components selected in the calibration operation 
are chosen to minimize the voltage standing wave ratio 
so that changing the state of switches 14, 18 or 21 does 
not significantly alter the impedance, or phase of the 
output to the associated noise measurement system. 
Changing the attenuation from 20A to 2OB changes the 
level of the noise V,2 and thereby changes Sb(0 by the 
difference in the attenuation between 20A and 20B. 
Attenuators 2OA and 2OB are calibrated using the noise 
source 15 through the external port 26. 

It is necessary for this system that the phase detector 
and the PM noise measurement system 200 associated 
with the calibration standard has sufficient discrimina- 
tion against AM noise and that the amplitude detector 
and the AM noise measurement system has suficient 
discrimination against PM noise. It is noted that I5 dB 
of discrimination reduces the unwanted effects of below 
0.13 dB. This level of discrimination is easily met by 
virtually all AM and PM noise measurement systems in 
use. Consequently, the present invention can be facili- 
tated without the use of extraordinary components. 
When calibrating the calibration standard, only the 
equivalent noise band of the receiver (BW) and its accu- 
racy for relative measurements over the range from Vo2 
to (V,2/Hz) BW must be calibrated to determined Sb(f). 
The form of equation 1 is such that small errors in the 
alignment of filter 17 resulting in odd order variations of 
\*,,? ( w )  about wo are averaged away. The only limit of 
setting the level of S,j,(f) is that it should be high enough 
that it is far (15 dB margin reduces the airs to approxi- 
mately 0.13 dB) above the noise floor of the measured 
system (as measured without the noise generated by 
source 15), and yet small enough to satisfy the require- 
ments of equation 3. The smaller the desired band width 
for Sb(f), the high the level of Sb(f) in amplitude can be 
made and still not violate equation 3. Normally, S+(f) is 
selected to be constant for f larger than 0 but, less than 
the smaller of vo/lO or 1 GHz, and the integrated phase 
noise in the range from 10-2 to  lo-* rad2. It is also 
necessary that all the amplifiers used in the evaluation of 
Sb(f) be operated in the linear gain region. 

Once S,j,(f) is determined for the calibration standard, 
a second similar measurement is made with respect to 
the associated noise measurement device being tested. 
The signal input of the PM noise measurement system 
to be measured 200, is connected to the outputs 30 and 



5,172,064 
9 

of the AM measurement system under test. This mea- 
surement is a very accurate method to determine L(f) 
except at very low values o f f  where the AM noise of 
the source might mask the added noise. If this problem 
is important it can be solved by increasing the level of 
the added noise and decreasing the bandwidth to satisfy 
Equation 3. 

Determining the variation of ko(q with f is extremely 
difficult to determine by traditional methods since few 
sources can be accurately AM modulated over a broad 
range. This issue becomes even more serious as the 
carrier frequency increases. 

The noise floor for AM measurements can be esti- 
mated by turning the differential added noise “OFF’, 
measuring Vn(f), and computing Sdf) using Equation 5 .  
The noise floor determined in this manner includes the 
true noise floor of the AM noise measurement system 
being calibrated and the AM noise of the internal oscil- 
lator of NIST PM/AM noise standard. In most cases, 
the noise floor of the NIST standard is lower than the 
detectors being tested. 

In cases where the AM noise of the internal source 10 
is so high as to make it dificult to evaluate the AM 
noise floor of a measurement system as described previ- 
ously, the following differential technique can be used. 
This technique takes full advantage of the very low 
differential AM noise between outputs 30 and 34 of the 
PM/AM noise standard by using two similar detectors 
500.800 as depicted in FIG 7. The rf input of one detec- 
tor SO0 is connected to output 30 detector is connected 
to output 30 through a variable attentuator 41 and the rf 
input of the other detector is connected to output 34. 
The variable attentuator is adjusted to make the d c  
output levels of the detectors the same to within ap- 
proximately 1 8 .  The output of the two detectors (and 
associated amplifiers, if any, is then subtracted in a con- 
ventional device such as a differential amplifier 900 
connected to a spectrum analyzer. Some spectrum ana- 
lyzers also have a way to take the difference between 
the two input signals. With either of these methods, the 
AM noise of the internal source 10 would be greatly 
reduced, perhaps as much as 40 dB. (At very high Fou- 
rier frequencies i t  will be necessary to adjust the phase 
o n  the incoming signal to one of the AM detectors 
slightly to optimize the cancellation.) The noise floor 
measured in this manner is that of both detectors 500, 
800 (and their associated amplifiers). If they were simi- 
lar, one would subtract 3 dB from the measured result 
to ohtain the noise floor of a single unit 

A more accurate value of the AM noise floor of the 
individual detectors (and amplifiers) requires that mea- 
surements can be made on three detectors with all com- 
binations (detectors 1-2, 1-3 and 2-3). The determination 
of S,(f) of unit 1 is: 

s,W= i(s,l-*(n+ s,’-3(0= s,2.3(0) (7) 

since the random noise in the detectors is uncorrelated. 
The variation of Uf) of t h s  differential AM noise 

measurement system is determined by turning the added 
differential noise (from source 15) “ON”, measuring 
V,(f), and comparing the results obtained from Equa- 
tion 6 with that obtained from Equation 2. 

The use of the PM/AM noise standard in the manner 
prescribed above would calibrate all of the errors of the 
measurement even at very low value of f  where the AM 
noise of the internal source might swamp the noise floor 
of the measurement system under test or the added 
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10 
differential noise if one used the technique described 
with respect to FIG. 5. 

The purpose of an autocorrelation approach as de- 
picted in FIG. 6 is to produce an AM detector that has 
an extremely low AM noise floor. If the output from the 
two similar AM detectors 500, 800 was analyzed in a 
spectrum analyzer 802 that used autocorrelation tech- 
niques to determine the level of noise that was common 
between the two outputs, the uncorrelated noise in the 
two detectors and their associated amplifiers would 
cancel out to  a high degree. Sdf) is determined by turn- 
ing the added differential noise “ON”, measuring V,(f) 
with the autocorrelating spectrum analyzer, and com- 
puting SA0 using Equation 6. 

The PM/AM noise standard used in the prescribed 
manner prescribed above would also calibrate all of the 
errors including the error versus f, except at very low 
values o f f  where the noise of the internal source might 
swamp the added noise. Again one can counter this by 
making the added noise somewhat higher in level and 
narrower in bandwidth as described above or by using 
two detector systems as previously described. 

A typical method of determining k&) prior to mea- 
suring AM noise is described below using FIG. 5. First, 
output 34 of the PM/AM noise standard is connected to  
detector and the detected dc level noted. Second, the 
output of an auxiliary source (not shown) that can be 
amplitude modulated at a known level is connected to 
the detector 500 and the rf level, impedance 50, and the 
frequency adjusted to that chosen for the PM/AM 
noise standard. T’he auxiliary AM source is then AM 
modulated at a convenient frequency and level. For 
example, 19” modulation at 1 KHz. The level of the 
signal modulation signal from the short labeled “OUT- 
PUT” 504 in FIG. S is then recorded as “AM REF 
LEVEL”. The detector sensitivity multiplied by the 
gain of the amplifier is then found from: 

(k,G(f))* = (AM REF LEVEL)2/~(%AM/100)’ (8) 

In general, the AM REF LEVEL is a function of the 
modulation frequency f. 

Third, the AM noise detector 500 is then reconnected 
to output 34 of the PM/AM noise standard, the added 
differential noise is turned “ON”, and the signal from 
“OUTPUT” is analyzed in a spectrum analyzer 502. 
The spectral density of AM noise is calculated as: 

SJn= V.(02/EJW (h(%AM/100)2/IAM REF 
(9) LEVEL)? 

Measurement of frequency stability in the time- 
domain is another common method used to characterize 
the frequency stability of oscillators and other compo- 
nents, as discussed in publications 1 4  in the attached 
Appendix. Timedomain measurements are those of the 
fractional frequency stability measured as a function of 
the measuring time. The most commonly used measure 
is the Allan deviation defined on page TN-25 of publica- 
tion 3 in the attached Appendix. Previously there has 
not been a method to calibrate the accuracy of time- 
domain measurement systems because the measured 
time-domain frequency stability depends on the mea- 
surement bandwidth, the averaging time, and the type 
of phase noise. The calibration standard of the present 
invention provides a differential level of PM noise that 
is constant in amplitude for measurement bandwidths 
from 1 Hz to 10% of the carrier. Under these conditions 
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I claim: 
1. Calibration standard for determining inherent 

phase modulation and amplitude modulation noise of an 
associated noise measurement device, comprising: 

means for generating high frequency signals; 
means for generating precision broad band noise; 
dual output terminals for connecting a differential 

output to associated noise measurement devices; 
power splitter means for providing said high fre- 

quency signals to both said differential output ter- 
minals: 

power summer means for combining one output of 
said power splitter means and one output of said 
noise generating means; and 

means for selectively switching between potentials, 
operatively connected between said noise penerar- 
ing means and said power summer means to selec- 
tively provide two noise levels to said associated 
noise measurement device. 

2. The calibration standard of claim 1. wherein said 
means for generating high frequency signals comprises 
a plurality of high frequency generators an amplifier 
and a selector switch. 

3. The calibration standard of claim 2, wherein said 
plurality of high frequency generators has a range of 1 
KHz- 10’0 Hz. 

4. The apparatus of claim 1, wherein said noise gener- 
ating means comprises: 

a precision broad band Gaussian noise source; a plu- 
rality of filters; 

a selection switch; 
a plurality of attenuators; and 
a plurality of amplifiers. 
5. The calibration standard of claim 1, wherein said 

means for switching is operatively connected between 

IM-24, 210-217 (1975). 

89-3916. 1989. 

14 
said noise generating means and said power summer to 
selectively switch between an output of said noise gen- 
erating means and a grounded charactenstic impedance 
of the power summer, wherein floor noise is determined 

s when said means for switching connects said grounded 
characteristic impedance to said power summer. 

6. A calibration standard for measuring inherent 
phase modulation and amplitude modulation noise of an 
associated noise measurement device, said calibration 

10 standard comprising: 
means for generating high frequency signals; 
means for generating noise; 
dual output terminals for connecting to said associ- 

ated noise measurement device; 
15 power splitter means; 

power summer means; 
means for switching, 
wherein phase modulation and amplitude modulation 

noise generated in said calibration standard are 
equal to each other at one of said dual output termi- 
nals and spectral density of differential phase mod- 
ulation noise, and spectral density of differential 
amplitude modulation noise between said dual out- 
put terminals are equal. 

7. The calibration standard of claim 6 wherein said 
25 calibration standard outputs an integrated phase noise 

between lo-’ and radz. 
8. The calibration standard of claim 6, wherein said 

spectral density of differential noise for phase modula- 
tion and amplitude modulation noise is equal to  each 

9. The calibration standard of claim 6, wherein PM 
noise provided by said means for generating noise is 
much greater than AM noise from said means for gener- 
ating high frequency signals. 
10. A method for deriving a correction factor for an 

AM/PM noise measurement system being tested by a 
calibration standard, said method comprising the steps 
of: 

(a) measuring a noise floor of said calibration stan- 
dard when a high frequency signal is generated by 
said calibration standard; 

(b) combining a high frequency signal and a Gaussian 
noise signal in a power summer to  measure com- 
bined noise of said calibration standard at a differ- 
ential output of said calibration standard wherein 
PM and AM noise components are equal; 

(c) determining spectral density of noise of said cali- 
bration standard from said floor noise of said cali- 
bration standard and said combined noise of said 

(d) connecting said calibration standard to a noise 
measurement system being tested thereby forming 
a combined system; 

(e) measuring floor noise for the combined system by 
generating a high frequency signal in said calibra- 
tion standard; 

(f) combining a high frequency signal and a Gaussian 
noise signal in said power summer to measure com- 
bined noise of said combined system; 

(g) determining spectral density of noise of said com- 
bined system from said floor noise of said combined 
system and said combined noise of said combined 
system; 

(h) determining a correction factor from a compari- 
son of said spectral density of noise of said calibra- 
tion standard and said spectral density of noise of 
said combined system. 
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